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Mr. D. D. MacCarthy Pe ce ve ; : At Atti 
MEBAeer » Project EHV oN : ae He ee 


vp ty order to make Project EHV as mieceaafl a venture as possible,’ mach 
thought must go into planning how to make the data collected from the oro ieat? ae 
as useful from a marketing viewpoint as practicable. It is probably true 
that if the data were simply resolved into the form of sets of published i 
' eurves, these curves soon become public property and little but good-will will. a 
be gained. However, there are much data of great interest to any EHV system. ae 
designer that cannot be published as simple curves, since they involve large, =. | | 
ee quantities of statistical interactions. These data remain under our control, i 
: _.. stored on tapes or punched cards, and if tied into computer programs or other § © 
ee ve computation routines, could be of great influence and of considerable economic = § 
- ; > penefit to any utility that uses them. From the marketing point of view, these. 
Lae -, computational routines could be of help in obtaining consideration on Portese nat Oe 

yeeees ed orders. | EAS Sg ie 


Seen Seen ge TN aye 
Sys sad : 


‘The attached memorandum is an effort of the ‘Project EHV naulatien antiye oa 
_ “ity to lay the basis for a routine for determining EHV line insulation economics: a 
. This routine would forecast the line's insulation performance and compare it = 
with the insulation cost. Being probabilistic in nature, it is aimed toward a hee 
_ Monte Carlo calculating procedure, similar to the one now so successful in prej~ 
 dicting line lightning performance. In the view of some, it will probally 62cm a 
to be too highly refined. However, the data to implement such a method can be » oe 
obtained, and it is only these refinements that can be used to counterbalance. 
_ the simpler data that will become public property. The memo is an ad junc to. 
_ one written last year in an early erelorasary Stir} on the same SUbIOGK« | 


The writer would like very much to receive suggestions, comments, and 
_ Tecommendations from those interested. 
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OPTIMIZATION OF INSULATION LEVELS IN EXTRA 
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GH-VOLTAGE SYSTEMS - MINIM 


In 1960, a memorandum entitled "Economic Optimization of Insulation in Electri- pete 
cal Systems" by the writer, was circulated among G.E. people interested in the sub- 
ject. This memorandum attempted to lay the foundations for an economic approach $0 oe 
Insulation design, essentially by choosing insulation levels so that total long-run: 


costs, including initial investments and costs of failures, were minimized. While | 


the memo created considerable interest, there seemed to be almost universal agrees ss 
ment that the total cost of a failure is, in many eases, as much an emotional probe 9° | 
lem as an economic one. Sensible data on probable failure costs appear to be almost 
non-existent, : one does not know at what orice to e Aluate a failure , follows ie 
: 2t_ROW DOW Mca To spend to avoid it. This one fact probably accounts 9 | 
he great variation in insulation levels of similar systems in the indus- 


One an e to AVOLC 


ty. 


An obvious solution to this problem is to collect failure cost figures. This, 


however, may take many years and require some changes in accounting practices, ‘There- 
| fore, it is of interest to cast about for other interim methods of optimizing insula- 
tion levels that could be used in the immediate future. _ 7 pry, PD aed TE 


Two of the procedures that appear feasible are: 


1. Design the insulation system for minimum cost required to attain a given level «)* | 


of reliability. This avoids considerations of costs of failures, except costs 
of repairs and replacements, trading it instead for a management specification © 


| ae 
ore 
»“p 


Over 


6 £ 
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2, Calculate insulation levels in such a way that, assuming the system is an optin’ (3 Ss 
_ mum one, the cost of a failure that is being tacitly assumed can be demonstrated. 9... 
This cost figure then can be used as a basis for managerial decisions on whether =. 


- a increase or decrease in insulation level is practicable, 


sot With present practices and attitudes, the first approach is probably easier tO) ee 
implement than the second. Using this approach. two questions actually must be ON a 


 gwered: 


ole If a given level of reliability is specified, how can this level be achieved nn 


Ee at minimum cost? 


a2: How will the minimum costs vary with reliability requirements? 


Question 2 is an important one for management in determining where new invest- Les 


ment capital can best be used, This information would be in the form of some kind 


of curve, a conceptual model of which is sketched in Fig. 1. Management could exam- .. 
ine such a curve and decide better whether an improvement in reliability is actually = 
worth the increase in expense. The minimum total cost in Fig. 1 would include’all 
accessible probable direct costs of failures and repairs that can be determined. The | oe 
only costs it would not include are the emotional ones and those of a highly nebulous... } 
nature such as "customer relations" and "damage to the national economy", Itisas=— = 3 


Sumed that when management specifies a given level of reliability they are taking 


these secondary factors into account, since these factors are largely in the realm of | ae 


human reletions rather than engineering decisions. 


for a specific level of reliability (or availability) acceptable to management, 
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Minion’ 
- Total Cost 
Reliability | 
Fic. 1 . 
‘Definition of Te 


Before such an approach can be discussed, some useful symbolism should be seit 


ae designed Life time (in days, years, or other convenient units) of 


T 2 
- ~ an insulation system - the base time. 


Ce permissible unplanned outage time of the insulation system. — ete a 


D | = ratio of unplanned outage time t to the base time T. The system outage rate, 5 


q (ep) = the reliability of an insulation system, The probability that. at any 
nee time the system insulation will be available to perform its intended fone OR 


P, = the probability of no-failure of an element Cn during the designed Lite time. ee 
'. T when stressed in its intended manner. | ad 


Ca = the initial cost of the insulation of element en , including the installation 

| cost attributable to neu Seo | oe ? 7 

Dg = the directly determinable costs that would be fracrea if element en ‘falles ocean 

: This would include costs of repairs and replacement of alt or pert of Seek Wecee) 

Na = the probable total number of failures of element Cn that will be. Likely to Teh ae 
: occur a during the design period THAif replacement is made as failupes. occur, ‘ 

Ne = the number of elements of kind @, that are stressed in the system. 


| 


the total expected costs, including initiel costs and failure costs, of ‘the ae 
_ group of all insulation elements of ope Cn. ie : seen 


pot ; 


S = total cost, including determinable probable failure costs, of the entire, 0 40. 
insulation system. a ae ga, eB tn ERS a 


The abscissa of Fig. 1 uses the word "reliability" in'its usual relationship ~‘the 9 |. ok 

avoidance of unscheduled outages. If a system has a total unplanned outage time +t over!) as 

_ Some long base period of time T, the outage rate p for the system (planned shutdowns ee 
not included) is defined as 7 | r= Aan 8, aa 


D.= t/T MEAN e See een nsec ese sees sence seems veleesisani'e nd) AZ) e 


“a In this meno, reliability is then defined a8; where 


oe 1 = (1D) sersescesesesenseatescsersactersesnasonsre neces (2) Une 
2. Thus, reliability is the probability that the system will be available to perform 
_ its intended function when required. | “ S rN ee Cane Sr 


ine eine portion of « system at oxtra~high-voltage consists of the high-voltage side pf gg 
_ the transformers, the station equipment, and the transmission line or lines. This por-. 
.. tion contains no active generation, thus considerably simplifying matters. In Fig. ate ree 


PRS ts 
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this extra-high-voltage portion is represented as an input, an output, and a group Of 3 ek 
€lements ej, C22 ecee &, Of as yet undefined characteristics. With this Simple diagram, 
_ Some element and system requirements must be outlined: x ‘ arth bl teem Ne ih eB rot 


_ 1, Each element e, has & probability of no-failure P, during a design time interval 0.0% 
. T (say 20 to 100 years). This probability is some yet undefined function of the 2." a nee 
voltage levels appearing on the system, and can only be established once these, “ae ea 
voltage levels are Imown or predicted. | eae ae 2 Bon: 


f 2. The failure of element e, will be associated with some mean outage time ty.) (This! 6? oe 
a “time t, will probably be much less for an insulator string - easy to replace ~ than. i 
for a large power transformer - difficult to replace), — 2 Mee er eh en ere 


(7+. For-each no-failure probability Pa, Pg will be some function fp of the cost Cy of 1) BRI 
_,. the element,’ or Py = f (C,). In most cases, one can increase the probability of ss. 
_ Ro-failure only if he is willing to pay more to make the element stronger.  s—s«s 
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ve Any element that fails before time T is achieved must be replaced, There ‘hat no- 
Decal ion against the replacement also failing in the time that remains, of 


: 5, Each element e, that fails will require a penalty cost Dg to be paid that ‘repre 


sents the cost of repairs or replacement of part or all of eg. A circuit breaker 


would most likely have a higher penalty cost than a bus insulator. : " oc 


: é. Once the reliability requirements of the system are specified over the Mane ‘ime T, 
the total unscheduled outage time t is Sea and the system is to be pile ant hace 
| have this outage time, 7 


7, With this outage time t, the system should be designed for Aisin’ inenlneecn aoe. 
_.. Obviously there may be many combinations of elements CL» 22, oe Cg that will give | 


the same total outage time, but some combinations will be less oie pepe 


es tion Pecuarenen is than others. 


G : ‘In Appendix 1, it is shown that, if ng elements of type ie are stressed Gea 
neously in a system for some total period of time T, and if the probability of each ra ee ig 


ment not failing during this time is Pg, and if furthermore when any failure occurs ite 
is immediately repaired or replaced with a new identical element and the stressing of 


the elements continued as before, then the total number of failures Nas of elements ca ie 


during 4 the oe period T will be 


Ne = “Np Log P. st saccecscccesceeccccecsecsecewoes aeeces cea cachexusee (3) .e3 Sg 


__ where log Pe is the natural logarithm. % 


The total expected penalty cost 2D of each clanees @, will then be ie. ead Lem " 


pected number of failures N, multiplied by the mean penalty cost of each failure Das. or 


2 nell 


oe To this total expected penalty cost must be added the initial cost of the. insula= 6 | 
tion Cg of each element €a to obtain the total cost Sa that will be Peper ed for pr emeny 


—2e@,, OF 


Sa = Cg — De Da Log Pa seechorteneecdel Mle date Gann ale 


‘The, total cost S will then be the sum of the equation (5)" s for all the je elements: 


a : a 


- S 2 Ca - hi Ne Da se Pa : Aas 020804 Oe e288 0208@0800 : eeeeeoeesevege * ee : (6). 1 : o 


asl a=] 


e ° @ 4)! 


Row that this expression for total cost has heen reached, me ire 


Level must be cnecifica for the system. From equation (2), once the required reliability 
Le eevel has een pee tied, the total permissible Bop penne’ puvaee time a is established: 
oo i.e. | if | ate es 


|. #This simple relation is probably well known but the writer was unaware of Lbs ee 


t Ss T |2-a] CHOHTESCHHEHOHEHOTEHEEHOHTEHOHHHHEHEOSHE EO OHHEHNS (7) ry oe 
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It is simpler to use total unplanned outage time + instead of the term "reliability" . 9 if 
because it is more direct, This total outage time t will be the sum of the outage times «jj 
_ created by each of the elements, which in turn is the product of the number of outages Ne G 
of each element multiplied by its mean outage time t,. Then: | ee eee 
tM te NO SO. ea aaa 


or oe t = -ty, m, log Py - to No log Po - ....'~tg n, log Py ae To EUS GE arte Coat at ag 


or a ob se a ta Qe Log Pa coe roeocccecccccsocecosceceaccncccecsoeserce (&) ys Pe ate 
we Returning for the moment to equation (6) for the total cost S, the term Cg.in this 
_ €quation is in itself a function of the probability P, of no failure, and it has been’. | 
_ Stated as Py = fg (Ca). In equation (6) the substitution of this term results in an’ 9.) 10 
~ equation that is a function only of the costs Ca and penalties Dg: — | ag Math SR REESE ON ge ee 


he. 


58 2D) Cg - D-'ng Dg log ie (ca)| PLE NG eweensavacanessetueeas (Onan 
peel ye. | axl ee rr ee 


Similarly equation (8) can be written: _ Lite A eae ey eee nn ee 
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ne sne—best solution for a set of system insulation characteristics ther occurs when 
values of Cy, Co, .....Cn are chosen so that equation (10) is satisfied for the right si: 47 
side does not exceed t] , and for these chosen values S 1s minimized. It is extremely 0) 7 Ret 
difficult to solve equations of this type so that both these requirements are satisfied, jt ee 
In equation (10), for K values of C, K-I can be chosen independently and the Kth value 
is then dependent on t. Once these values are chosen they must be substituted into (9) he 
_ to solve for S and there ts no criterion that this S$ will be the minimum. It appears. = = 
far simpler to pick many feasible values of C, many of which will be restricted anyhow, 9° 
and then solve for the resulting outage time t and cost S, The results ean then be <*> 03° 
plotted as in Fig. 3 below in terms of S and t: : | mas ie 
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| Only those points less than tmax » the specified maximum unscheduled outage times Bes 
become admissible designs and of these, the point having lowest value of S is then Oe 
chosen. This becomes an intelligible Wey of calculating system insulation. provided: 57 


| 1; A computer can be programmed to determine a large number of trial solutions, | 


2. The abhi leray eee) no failure as a function of cost ean a determined for each” 
| orn 7 SE Ae el 


| The second requirement is the only Teall s difficult act and the renainder rot. 
. this memo will be devoted to cons Gera uion of this requirement. e a 


The probability of an insulation failure (or the lack of it) depends ont et 


<1, Amplitudes. and other characteristics of the voltage epplied, ING INANE its 
an Seatdetant es and number of applications. 


2. Insulation level of the device and its variability. 
3. Length of service of the device. 


ae Possibility of protection by operation or failure of other devices” on the. same. Mya Phe ae 
bus (i.e. bus insulators or a circuit breaker syaahs be provecved by oronores of See 7 
a rod gap on the same bus). | | : 


: One further complication is the lack of a fixed outage time roy some kinds | of inant ieee 
_ lation, particularly line insulation. A large percentage of line flashovers (in regions 
- of moderate or high isokeraunic level) is caused by lightning. Where automatic ‘reclosing — 
is used, these flashovers may not be a serious problem as long as the reclosing is suc-~ ee 
cessful. If reclosing is successful X% of the time (based on past performance) s, the 8VT 
_ erage outage time te would be sy ee aaa ee 


Xx ty + (100-x) ta 


t 
. 100 
where +t, = outage time per successful reclosing. — PAS ho ated Seg 
to = outage a per meuc cera yh Toone s ne. \ CNR OHS peu ta 


: and it is Prorat feasible to use this average outage ‘time from the beginning. 


| The amplitudes and waveshapes of switching voltages on a system can be found ‘from ee 

analog measurements and calculations of the system characteristics, once the system has =. 
- peen defined. These amplitudes can then be described in an amplitude-frequency of oceur= 
rence curve similar to Fig. 4. If one does nok need to be 80 rene ot te. oy one ree Pee ae 
the maximum- could be used, pest oe 
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Switching Surge Amplitude... | , Pee ee 

ye 
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| “Attached to each kind of surge could be a weight or consi tivity factor, af pe oe 
_ This would account for the fact that, in many cases, a flashover during deenergizing a a oe 
_ line may not be as critical as when one is attempting to energize it. This would be a ee ee 
‘possible future consideration if, instead of specifying a single Slammer ode one speci= 7 
i ties the pet iepils ty under various load conditions. : 4 La aa 


The variability of insulation strength to withstand the above mentioned’ cel teges, Re 

is determined to a very large extent by the weather. Weather prediction on a cay by aT ‘ 
_ basis many years ahead is impossible (with present Imowledge) but the probable over-all © 
behavior over a long period of time can be found from past Weather Bureau records and 

_. incorporated into a Monte Carlo routine. The variation in insulation strength with eat 

weather is being determined now by Project EHV tests, and these data could be a wriied. ae. 
| systems at any other location whose weather history is on record, 
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3°) The insulation strength of line insulation will appear in a Y euinlative: oecence yee) 
curve similar to Fig. 5, along with appropriate weather modifiers. Curves of this type | 
have another interesting property, that of interchangeability between number of insulae | 3 
tors and number of surges applied. For example, if a surge of a given magnitude will ee 
flash over an insulator string 10% of the time, i.e. one flashover out of each ten surges — 
applied, then if ten insulators have one surge applied to all of them simultaneously, an. 3 : 
_ average of one failure will occur. This is not strictly true, since for units in parallel, . 
_ the failure of one will relieve the stresses on the others, but approximately so. Thus . 
for a long transmission line, the line eiene th wilt have to be greater than aot a short er 
i, line because of this effect, | : : 
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Some kind of assessment of the Likelihood of steady-state pyecyed tacee mite eventually | 


ane included; for example, pene ee overspeed or Ferranti effect when breakers sepen on & 
. Long line. 7 | 


: By the apes. means, the distribution of overvol tages « on a sveten ant twa eetects 2 
On insulation of a specified size can be determined. The insulation size ‘gan then bei.) 
. translated into insulation cost, including, for example, the increase in tower steel pe 
_ quired when a larger tower insulator is used. The cost can then be compared with the » 


|. forecasted Outage time. This _ PE a, insula tion, evaluation Lecce ae ig now being planned a 
_ for the IBM i705. : : : : | a ay 


OOF es ey ee ae Nee cen se Ee 


: Percent 


of Surges 


Causing 
Failure 


Switching Surge KV 


ry 


oui hiined 


‘Uh 


i 


jell i ail c$3p pee PO aca la thd cet tes. eh La a bela ith we yates a cag Mae URS: ne lle ieearhaaiilsd La Se cia ame bila Ul Lita: Loaders talc d spe lel aiid tak 5 lh ay a al el hee St eed et a le baa el il eh is baek Ska 


TOTAL FAILURES UNDER CONDITIONS OF CONTINUOUS REPLACEMEN 


Suppose that over a time interval 0 <t<T, a quantity U of insulator units are : 


gtressed simultaneously. If the probability of no-failure for a single wnit over the © 


period Tis @, then (1~-a@) U failures will oceur that require replacements, However , 
once these replacements are made, a certain number of the replacements will also fail. 


before the period T is up. When these are replaced, a further percentage of these nee us 


replacements will fail, and so on until the end of the period T occurs. What are the 


total number of failures that will be experienced? The answer will, of course, depend 


on the assumptions regarding the initial failure rate. If the stress is assumed con= ae Ge 


a stant over the period, then this stress can be plotted as in Fig. A bel ows 
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| The stress ean then be broken up into a set of sequential stresses of duration: Atl an a 
If we assume that each insulation unit has no memory of the past and cannot anticipate — ah 
_ the future, then the probability of the unit failing during any one element of time dt. 


must be the same as the probability of failure during any other element At. It then can. 


be easily shown that if the probability of no-failure over the entire periog a 18 8 ee then - 


the Probab isd ty of no~failure during time At must be “At » where 


teat ; AY ee 
This @,.-is very close to unity because “PF will be very small. If components are re-. ©. 
placed as they fail, the total number of components undergoing the stress will. always, be. 


 U, and the total number not fot ane, at any element of time will be. Un ate isha he is 
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He The total number failing Up At during time (At is the total stressed minus the total : : : oe 
Nae failing, or : | in ere eae atti cal eh wee 
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‘Then the number of failures in the limit interval dt is 


ad the total number of failures is Gar or simply Sgt 
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